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Data from the two electric field experiments and from the plasma composition

experiment on ISEE-I show that the spacecraft charged to close to -70 V in sunlight

at about 0700 b_£ on March 17, 1978. Data from the electron spectrometer experiment _'
show that there was a potential barrier of some -10 to -20 £ about the spacecraft

during this event. The potential barrier was effective in turning back emitted
photoelectrons to the spacecraft Potential barriers can be formed because of

differential charging on the spacecraft or because of the presence of space charge.

: The stringent electrostatic cleanliness specifications imposed on ISEE make the

presence of differential charging unlikely, if these precautions were effective.
_" Modeling of this event is required to determine if the barrier was pr_oduced by the

presence of space charge.

4

INTRODUCTION

The International Sun Earth Explorer (ISEE) project involves three spacecraft

which were designed to study the m_gnetospheric plasma under the auspices of the

International Magnetospheric Study program. ISEE-! and ISEE-2 were launched on
October 22, 1977, into almost identical orbits but with a variable separation

distance in order to be able to separate temporal and spatial variations of the ""
environment. Their apogee was at 23 earth radii, and their period was approximately

57 h. ISEE-3 was launched into a "halo orbit" about the libratlon point at about
240 earth radii towards the Sun from the earth. Further information on the ISEE

mission can be found in References I through 3.

The ISEE Spacecraft were built according to a set of electrostatic cleanliness
specifications which were intended to make the exteriors of the spacecraft be

equipotential surfaces and to prevent the buildup of asymmetric potentlals which

could interfere With low energy particle and electric field measurements. The

specifications required that no exposed spacecraft component (with some exceptions)

cha_ge to potentials in excess of I volt with respect to the spacecraft potential.

This requirement demanded that all spacecraft components that were exposed to the

plasma environment be "sufficiently conducting," and be connected to the spacecraft

ground through low impedance _aths. These specifications which were also used in

the construction of the GEOS spacecraft, appear to have been relatively effective;

the most negative potential reached by GEOS 2 was -1500 volts in eclipse which is

*This work was supported by NASA Lewis Research Center under grant NAG-320.
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_,_iil much less than potentials reached by other-magnetosphertc spacecraft such as ATS-5,
ATS-6 and SCAT_tL_-(References 4 through 6).

!

I_ spite of these electrostatic cleanliness requirements, there have been

_ii indica_ions of significan_ cha_ging events on ISEE-I, w_h the spacecraft going at
• .!:, times to a negative potentiaL-on the order of -LO0 volts tu sunlight_ These

_ indications came from ion data obtained by the pL_sma-composition exper_lment (Ref
_ 7) which showed that low energy (thermal) ions had been accelerated to k'netlc

energies on the order of I00 eV before they w_re detected by the instrument. It is
important to ,mderstand such charging eVents, if they are indeed real, in order to
be able to evaluate the effectlvenes_ of the electrostatic cleanliness

specifications. For example, the charging of electrOstatlcally "dirty" spacecraft
il such as ATS-5, ATS-6 and SCATHA has been shown to be very dependent on differential

charging effects (Ref. 8 and 9). Differential charging on a spacecraft can produce
a potential barrier which prevents low energy photoelectrons from escaping, and can
thus lead to much larger negative potentials in stmlight than would otherwise be

: expected. The purpose of this paper is to examine in detail such a sunlight charging

i _. event on ISEE-I.

!:'_ DATA THAT INDICATE CHARGING
i-_-_

:._.._ Several experiments on ISEE-I are capable of giving information on the potential

: _i of the Spacecraft. In this section we present evidence from the two electric field

experiments .and from the plasma composition experiment which indicate that between

_ 0600 and 0800 bT on March 17, 1978 (Day 76), the ISEE-I spacecraft charged to about
i-i -70 volts in sunlight. At that time the vehicle was near synchronOus orbit, at 7.7

'-'_ earth radli, and at 0300 local time. In addition, we present data from a

i synchronous altitude spacecraft, ATS-5, on the same date but at about 0400 UT and at
:_ midnight local time, which show that-ATS-5 charged to about -6 kV in eclipse. Thus

the plasma environment during this period of time Was sufficiently hot to provide
significant charging.

The spherical double probe electric field experiment on ISEE-I (Ref. I0)

measures the potential difference between the probes, which are two 4 cm radius i
. spheres at the ends of wire booms separated by 73.5 m in the spin plane of the "

spacecraft. In addition, the experiment monitors the potential difference between "'

each of the probes and the spacecraft. The potential of the spheres with respect to
the plasma is adjusted to be near zero by introducing bias currents to the spheres

based on current/voltage sweeps which are made during a quarter-second interval
: every 128 sec.

Figure I shows the quantity V2S which is the potential difference between sphere
4J2 and the spacecraft during the interval from 0500 to 0800 UT on March 17, 1978.
The spacecraft potential with respect to the sphere (which was near ambient plasma
potential) is the negative of V2S. The figure shows that the spacecraft was near

zero volts at 0600 and that it gradually charged to a more negative potential, going
off-scale at -50 volts at about 0715 UT. The potential came back on scale briefly
at 0745. During the period from 0700 to 0800 the vehicle potential was clnse to or
more negative than -50 volts, Since the sphere bias current is negative at this
time (i.eo, electrons are being pushed onto the sphere), the fact that the
spacecraft is more negative than the sphere implies that the sphere and the

spacecraft are responding differently to the environment. For example, there may be
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• more secondary electrons emitted from the sphere, or there may be potential barrier
_'¢ effects around the spacecraft that are not arot_td_the sphere.

.......".........LIILLLLI22
_, 5:00 6:00 7:00 8"00
_-_, TIMEOFOM 76, 1978
=':,'.!: Figure l. Probe data from P_zer's electric field
_/ experiment sho_lng the prObe- to-spacecraft
. _.[. potential (V2S) from 0500 to 0800 UT on
:',. March 17, 1978.

_,'i, Figure 2 shows similar data from the Goddard electric field experiment on ISEE-1
_ (Ref. 11)• The active probes in this experiment are 36 m untnsulated tip sections

of two wires independently deployed to lengths of 106.7 m. This gives an effective

baseline between the two active elements of 179 m. The figure showS the potential

-_; difference between one of these
_: elements and the spacecraft ' ' " " " ' '"

during two periods cf time: at 06HOOM
" ,, ' 0600 and at 0645 UT. The
_. 30

potentials of the active elements

in this experiment are floating
=_ with respect to the ambient _ :'

• °°o ° @ • • • • • t

• oJ @ • _ t
i plasma• That is, the potential _ • ". "" "" """ "; "" """ ""of the elements is determined by > 0 • o" "" ". ". •, • • • .... Ip • ....... •
_' a current balance between " ;

•_.e. collected plasma ions and

[: electrons and emitted secondary I
electrons and photoelectrons. {

....-": The floating potential is -30 ......... ' .... ' '
modulated by the spin of the 5 I0 15 20 '• SECONDS

_ spacecraft. _he potential is .- , ._ , ,
most positive when the wire

"" elements are perpendicular to the 06H45M '

:_ direction of the sun since this 30 "."" ". o". .". .". ..'..'.

-:,, is the orientation where the .. .. . • • • . •• :7"

'_ photoemission current is a _ .
' " maximum. __ "
T/" 0 "

The floating potential of the 0 .._...,...._........

•" active wire elements with respect " ..... "
, to the local plasma is not

directly measured in this

"' experiment, but it is expected to ..... , , . . . , _ . . , ....
be on the order of a few volts "300 5 10 15 20

positive wlten the wires are SECONDS

perpendicular to the sun Figure 2. Probe data from Heppner's electric
direction. The two spherical

probes in the Other electric field experiment showing the probe--to-spacecraft
: field experiment floated at potential at 0600 and 0645 b_r on March 17, 1_78.

• approximately +5 V during this
period of time, as determined from current/voltage Sweeps When the bias current was

,(
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zero. If tile wire element is also floating at _bout +5 volts during this tim_, then
the spaeecra_ft potential has changed fr-om near z_ro to aho,t -25 V betw_i_n 0600 and

0645_ Th_se valtmg are in reasonable agreement with tl_e data shown In F_gure 1.

The plasma compoattion expertment t_ dencrlbed in P_f. 7. It constst_ of two

ident£cal mass _pectrometers which can be operated independently, lhe ion_ enter a
collimator and rhea go through a three-grid retarding potential analyzer (RPA). Tile

retarding grid is p_ogrammable between 60 mV and 100 V in 32 steps with approxi-
mately equal logarithmic intervals. After passing througll the third grid, the _ons
are accelerated through a potential difference of approximately -2950 V before they
pass througll a Cylindrical electrostatic analyzer. Due to tile pre-acceleration, the
lowest energy step of the electrostatic analyzer" passes al_ tonu witli external

energies between zerO (i._e., those cold ions whicl', can reach the spacecraft) and
approximately 100 eV.

Figure 3 shows results from tim plasma composition experiment between 0600 and

0800 UT on March 17, I978• The four panels show ion counts during the four
half-hour intervals, where the

data has been accumulated as a DAY 76,1978
function of spacecraft spin 06:00-06:30 06:30-07:00 '

aagle and RPA retarding _[llli:l-il_[l_,:h:l-l-i-}'-[ii'((...:i...... :

Jlllllll"ll0:illliUl! il::"i;tli'')!ii Iindicated by the gray scale I li,'j: "

' Ill""' '' I ,with dark signifying high cotmt ',
rates, and light signifying low lll;!!lili, ,
count rateS. The retarding ll!l[lll,',.ll' i ':.:: . ,

rates are sharply reduced is a _ i,II,' ,

 fl:lJiil!ilmeasure of the (negative) oo il '1'1I' I ' iSpacecraft potential In this ¢_ I• ._=_._." ._ _. _'_' ,, , j, ;__..

mode of operation, the "-I- .......... ' ......................... , ..... __ ._ .....

instrument is passing all _" 07:00"07:30 07:30-08:00
species of ions, but it is Z
known from the o_her modes of

operation that the ions are o.

predominantly hydrogen but with ¢/_ --

a significant oxygen component.
It can be seen that this

cut-off potential increases

during this period of time from

about lO V at the beginning to
somewhat under tO0 V at the

end. I 1.0 I0 I00 0.I 1.0 I0 I00
ENERGY (eV)Individual RPA scans were

examined during part of this Figure 3. ion data from the plagma composition

period of tiine, and the experiment from 0600 to 0800 UT on March 17,
spacecraft potential was 1978. Dark indicates high ion counting rates and

estimated for scans when the light indicates low rates. Tile energy at which

experiment was most nearly the counting rate decreases abruptly is an
looking at ions coming in the indication of the spacecraft potential.
ram direCtlon. Individual

scans were obtained approximately every three minutes, although there were some gaps
in the data. The results are shown in Figure 4. @_aln, the data show that the

OF POOR QU,'_LIT_,
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!

potential of the spacecraft increased In the negative d_J:ection from near -5 V at
about 0630 UT to a Value mote negative than -60 V after 0_10 b'T.

. -60 X

m XX X

_- XX X X
2
_tJ

-20
X

' X

¢_ --_ ,,, , ,-, ,,,30 6:40 6:50 7:00 7:10 7:20
_ TIME OF DAY 76, 1978

F_gure 4. ISEE spacecraft potentials On Mcrch

__ 17, 1978, inferred from the plasma composition
--:_ experiment.

"i

_ Figure 5 sho_s a spectrogram from the UCSD particle detector on the ATS-5

satellite between Ot,lO and 0510 UT on the same day. Data is only available during
-_ the time when the spacecraft was

,,,,_ entering and within the earth's
- shadow. This was a period _mn

special operations of the ATS-5
= ion engine and neutralizer were

being carried out to test the

capability of these devices to i
discharge the spacecraft (Ref. " ..

12). The spacecraft entered ,. -#. .....
.... t_ - _:,': _''_ ' ,,.eclipse at 0411 ; the neutralizer ': ,_ _ _,It_ _,:'"

I"_" .. ' _Sxli_l_,_,,:./.
was turned on at 0418 and off at '_::'_,iO._i_i_i_ ii
0433. The neutralizer consisted : b;t_:'.'J'___

merely of a heated filament i' _---__;
which could emit electrons _ ...................................

independently of operation of ,,.....
the ion englne. DUring the
neutralizer operation, the _ r

spacecraft potential was held to "
about -2 kV but when it was

turned off the potential went to . ,
about -6 kV. The Ion spectrum |
during this period of time as |
measured by the UCSD detector is .........'

in good agreement with the ion Figure 5. A spectrogram from the UcsD particle

spectrtmt obtained by the LEPEDEA detector on the ATS-5 spacecraft showing charging
experiment (Ref.13) on ISEE.-I at to about -b kV In eclipse on Harch 17, 1978. The

0700 uT. Thus it appears that dark regions i_dicate low colmt rates.
the plasma near geosynchronous
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orhlt during the merhing of l_arch 17, i618, _tm sufficiently hot to charge "d!rty"
_paeecraft such as ATS-5 to "mveral kliovatts negative- in shadow, aw.-.' "clean"

spacecraft such a'_ IfiF.E-I to appra_im,ar,,| y -!00 V in mini 1p,ht.

: LVII}F.NCE FOR A POTENTIAL BARRIF,R

Figurof_ 6 and 7 sliow electro, d,tta from tile Electron .qpeetromOt.er oxpvr_me,it on
ISEE-I (Re_. 14). The electron dl,qtrtbntton function ou ,a lot_;lrtthmlc .grade iS

_lto_t against electron efi¢,rgy at 0600 tiT (1,'t_. 6) ;Itld art 0700 lit (Fig. 7). At 0(}00
the spacecraft potential was near z_ro wltcreas at 0100 the l)Otenti;tl wa,_; on the
order of -40 V, as we sho_d tn Section 2 (See Figure 4). At low otler[_|o,q t bet:it
FJgure_ 6 and 7 show a steepentttg of cite electron t_poctrum clioractert:_tic of
pltotoelectrons arid/or secondary electrons.

The straight line in Figure 6,which goes through the lower energy electrons: indicates that these eiectrons are characterized by a density of about 20 cat- altO a
temperature near 2 eV. 'Dlese values are very reasonable for photoelectrons emitted
from typical spacecraft surfaces at the earth*s distance from the stm. _11e actual

- value of the photoelectron density would of course depend on the material at_d on the
_e?- orientation of the emitting surfac_ with re_peet to the solar direction. The fact
i* .... tllat photoelectrons with energies as high as 20 eV are seen returning to the

::_i. Spacecraft Indicates that ther_ must be a significant electric field which tutus
_, _- back the emitted photoelectrons, hi other words, there must be a pt_tential barrier
.... around the spacecraft. This behavior of the electr,'n spectrtmt was seen at all
i% orientations of the spacecraft during its spin, although the magnitude of the
_".;_ inferred photoelectron density was sc_newhat modulated by the spin

i._-X

:

!:_. 060C O_¥ 76, 1978_ ts _ 0V

.... 24

• X
X T: 1.62eV

' -26 . : _Ocm-3
i¢#'_

. T : _SeV

' _ ._,...._f n :024cm-3

: _'_ _

-301 _,__5 50 75 _00 t_5
ENERGY leVI

Figure 6. Electron dlstribut.ton ftmctJon from
the ISEE electron spectro._eter at 0600 UT on

_ March 17, 1978.
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The behavlor of the electron spectrum in Figure 7 is similar to that in Figure

6. The low e.ergy part of the spectrum is £itted well by a__qgwelllan distribution
wltll a temperature of 3.4 eV a,d a density of about 9 cm if these low energy

.... i electrons are photoelectrons comlng from the spacecraft. If these low energy

ele_tronS were ambient plasma electrons reaching a negatively qharged spacecraft at
-40 V, they would have to have a density of almost [0 cm"_ in the undisturbed

p|asma. This is completely unreasonable for tim plasma at this location near
geosynchronous orbit in the earth's magnetosphere. We conclude, therefore, that

there must still be a potential barrier arotmd the spacecraft at 0700 UT in spite of

the negative spacecraft potential.

The higher energy parts of the distributions in both Figures 6 and 7 give

reasonable values for the plasma electron temperatures and densities for this

location in the magnetosphere. Measurements of the electron spectrum at higher

energies by this Instrt_ent and also by the quadrlspherlcal LEPEDEA instrument (Ref.

13) show a slgntficant increase of energetic (keV) electrons over this time period
(not shown). The ISEE-I plasma wave experiment and radio propagatlcn experiment

(Ref. 15 and 16) both-_dicate that the plasma electron density during this period !
of time was about I cm •

The existence of a negative potential barrier when the spacecraft is either

uncharged or at a negative potential requires a mechanism for its formation. There
.... are two possibilities for a mechanism: one is that there is differential charging

_ of the spacecraft surfaces. This can lead to a potenti_l distribution which has a

potential barrier more negative than cl_espacecraft body if there were some isolated _:

" 07:00 DAY 76, 1978_ _s _ -40V ;t

-24 _
t:

• T : 3 44eV _g

X r,=8.8cm -3 it photoelectrons
X / n ; 88=105cm -3 if ombient electrons

= -26
g-

\ 1: 38eV

/n: O,gcm"

..1 | ., .J

-:DO 25 50 75 I00 125
ENERGY(eV)

Figure 7. Electron distribution function from
the ISEE electron spectrometer at 0700 UT on
March 17, 1978.

surface such as a dielectric also at a more negative potential than the main body.

The second possibility is that there is sufficient negative space charge in the
vicinity of the spacecraft, produced by the emitted photoelectrons and by the

ambient plasma, that a negative potential barrier is formed (Ref. 17 and 18).

4]9
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The situation here on ISEE is somewhat similar to that on ATS-6 where

photoelectrons and secondary electrons wore observed to be reflecte.d from a-
i-_ potential ba_rter about tho spacecraft When. the spacecraft was cha_ed to a negative
_'_ potential (Ref. !9). In tile case of ATS-6, it Was _.hown that the observed potential

barriers were too largo to be attributed tO the effects of space charge (Ref. 20).
It was inferred that tile barriers must be caused by differential charging, This was .............................
later Confirmed by detailed calculations (Ref. 8).

It appears _likely that differential charging can be the mechanism responsible

for the cr_eatiOn of the potential barrier around the ISEE spacecraft. The stringent

cleanliness speclfications that were imposed should have prevented potential
differences of more than 1 V between portions of the spacecraft surfaces. The

precise magnitude of the potential barrier about ISEE during this event is not

known, since the retu=ning photoelectrons were observed at oblique rather than
normal angles to the spacecraft surface. However, since photoelectrons were

observed to return at energies up to abut 20 eV, it is likely that the magnltude of
the potential barrier was at least I0 V. This is too large to be attributed to

differential charging if the cleanliness specifications were effective in keeping

_: differential potentials to less than I V. Hence we conclude that the most likely
mechanism causing the formation of the potential barrier is the presence of space

i- charge •

i- In the solar wind and in the quiet magnetosphere, the spacecraft potential is
usually positive so that low energy photoelectrons would return to the spacecraft

_ anyway, without the necessity for the creation of a potential barrier. The fact

that the electric field probes are floating at about +5 V while the spacecraft is at .,
about -70 V during this period does not necessarily imply an inconsistency. If the

current balance is between collected plasma electrons and escaping photoelectrons

&nd secondary electrons, then it is possible to have more than one potential at
which the net current vanishes (Ref. 21). If the potential barrier has been formed

because of the presence Of space charge, it is not surprising that barriers have not

been formed around the electric field probes which are quite small compared to ,
either the photoelectron or ambient plasma Debye lengths (a few meters and a few
tens of meters respectively).

CONC LUS IONS

(1) We have shown that on March 17, 1978, the ISEE-1 spacecraft charged to a

negative potential on the order of -70 V in sunlight. Evidence for the charging were

presented from the two electric field experiments on the spacecraft and from the
plasma composition experiment. In addition, we showed that the ATS-5 spacecraft

charged to a potential of about -6 kV in eclipse about three hours earlier on the
same day but in what appeared to be the same p]asma e_avironment.

(2) We have shown from the electron spectrometer experiment on ISEE-I that
there appeared to be a potential barrier about the spacecraft during this event.
The potential barrier was on the order of I0 to 20 V negative with respect to the

spacecraft body, and was effective in returning emitted photoelectrons to the
spacecraft •

(3) It is likely that the potential barrier was produced by the effects of

space charge rather than by differential charging of the spacecraft surfaces if the

®
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:j', electrostatic cleanliness precautions were indeed effective• Verification of the

mechanism responsible for the creation of the potential ba_rAer requires detailedmodeling of this event. The modeling should use photoemission an_-secondary

ili_ electron yields appropriate for the ISEE-L surface materials.

We thank a number of ISEE experimentegs who have helped us by making their
data available and assisting with its interpretation: F. S. Mozer and A. Pedersen

with the spherical double probe electric field experiment, J. P. Heppner and N. C.....

, Mayna=d w_th the long-Wire electric field experiment, L+ A. Fr_k and T. E. Eastman
with the LEPEDEA, E. G. Shelley and R. D. Sha=p with the plasma composition

experiment, K. W. Ogilvie and J. D. Scudder with the electron spectrometer
! ° experiment C-C. Harvey with the wave propagation experiment, and D. A. Ournett

and R. R. Anderson with the plasma wave experlment.
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